The discovery that a common polymorphism (5-HTTLPR, short variant) in the human serotonin transporter gene (SLC6A4) can influence personality traits and increase the risk for depression in adulthood has led to the hypothesis that a relative increase in the extracellular levels of serotonin (5-HT) during development could be critical for the establishment of brain circuits. Consistent with this idea, a large body of data demonstrate that 5-HT is a strong neurodevelopmental signal that can modulate a wide variety of cellular processes. In humans, serotonergic fibers appear in the developing cortex as early as the 10th gestational week, a period of intense neuronal migration. In this study we hypothesized that an excess of 5-HT could affect embryonic cortical interneuron migration. Using time-lapse videometry to monitor the migration of interneurons in embryonic mouse cortical slices, we discovered that the application of 5-HT decreased interneuron migration in a reversible and dose-dependent manner. We next found that 5-HT6 receptors were expressed in cortical interneurons and that 5-HT6 receptor activation decreased interneuron migration, whereas 5-HT6 receptor blockade prevented the migratory effects induced by 5-HT. Finally, we observed that interneurons were abnormally distributed in the cerebral cortex of serotonin transporter gene (Slc6a4) knockout mice that have high levels of extracellular 5-HT. These results shed new light on the neurodevelopmental alterations caused by an excess of 5-HT during the embryonic period and contribute to a better understanding of the cellular processes that could be modulated by genetically controlled differences in human 5-HT homeostasis.
Introduction
A growing body of research has revealed that a common polymorphism (5-HTTLPR, short variant) in the promoter region of the serotonin transporter gene (SLC6A4) can influence personality traits and increase the risk of depression in individuals who experience environmental stressors. [1] [2] [3] Furthermore, the 5-HTTLPR short variant can modulate the amygdala response of healthy individuals to emotionally relevant stimuli 4, 5 and has been correlated with a reduced volume of the anterior cingulate as well as with an increased activation of the ventromedial prefrontal cortex. 6 A macaque analogue of the 5-HTTLPR short variant has also been shown to be linked to reduced cognitive flexibility and an increased risk to develop depressive-like behaviors in animals exposed to adverse rearing conditions. [7] [8] [9] [10] The 5-HTTLPR short variant is thought to induce a state of relative increase in the levels of extracellular 5-HT, due to a functional reduction in the levels of the SERT protein. 11, 12 The increased risk for depression in carriers of the 5-HTTLPR short variant appears to be at first paradoxical as antidepressants such as selective serotonin reuptake inhibitors are used to treat mood and anxiety disorders. This seemingly paradox may be resolved by making the hypothesis that a relative excess of 5-HT could increase susceptibility to psychiatric disorders if it occurs during critical developmental periods. In line with this idea a large amount of data indicate that 5-HT can act as a potent neurodevelopmental signal that can modulate a wide diversity of cellular processes such as proliferation, migration, axonal pathfinding and differentiation. 13, 14 To begin to elucidate the cellular processes modulated by an excess of 5-HT during development, constitutive knockout mice for the Slc6a4 gene have been proposed as a useful model. 12 These mice display a remarkable phenotypic pleiotropy with psychiatric relevant features such as depressionrelated behaviors in response to repeated stress and anxiety-like behaviors. 12, 15 These behavioral traits may be related to morphological abnormalities observed in the dendritic branches of pyramidal neurons of the limbic cortex as well as spine density alterations in the basolateral amygdala. 15 Importantly, Slc6a4 knockouts also have widespread abnormalities in cortical neuronal density, 16 opening the possibility that alterations in neuronal migration could also be implicated.
Cortical interneurons represent 15-20% of the total amount of cortical neurons and have been implicated in the pathophysiology of psychiatric disorders such as bipolar disorder and schizophrenia. 17, 18 Recent data indicate that a depletion of 5-HT during cortical development could affect interneuron positioning. 19 Furthermore, serotonergic fibers arising from the raphe nuclei have been shown to reach the rodent cortex by E17 and the human cortical anlage as early as gestational week 10, a period during which intense neuronal migration is taking place. 20, 21 In this study, we made the hypothesis that an excess of 5-HT during cortical development could affect the migration of cortical interneurons and cause incorrect interneuron positioning. To test this hypothesis, we have used transgenic mice that specifically express in interneurons the green fluorescent protein (GFP) under the regulation of the glutamate decarboxylase isoform 65 kDa (GAD65) promoter. 22 Using time-lapse videometry to monitor GFP-positive interneurons in mouse cortical slices, we have studied how serotonin and specific serotonergic drugs could modify interneuron migration. Finally, to determine whether an excess of 5-HT can affect interneuron positioning in vivo, we have analyzed the distribution of cortical interneurons in GAD65-GFP-Slc6a4 knockout mice.
Materials and methods
All animal experiments were approved by the Geneva Cantonal Veterinary Authority in accordance with Swiss laws.
Animals
The generation and characterization of transgenic mice expressing GFP under the control of the GAD65 promoter were described elsewhere. 22 Constitutive knockout mice for the Slc6a4 gene were acquired from Taconic (Germantown, NY, USA) and correspond to the published line of Slc6a4 knockouts. 23 Both GAD65-GFP and Slc6a4-mutant mice lines were generated on a C57BL/6 genetic background and crossed. GAD65-
À/À were used for post hoc analysis.
Cortical slice preparation and time-lapse imaging To evaluate the migration of GFP-positive interneurons, timed pregnant E17.5 GAD-GFP þ / þ positive dams were deeply anesthetized by pentobarbital i.p. injection (50 mg kg À1 ); then embryos were removed and their brains extracted. Cortical slices (200 mm thick) were cut on a Vibratome 1500 washed in a dissection medium (minimum essential medium 2 Â , Hanks' Ca 2 þ and Mg 2 þ -free solution, NaHCO 3 , 100 U per penicillin, 0.15 mg ml À1 streptomycin) for 5 min; placed on porous nitrocellulose filters (Millicell-CM) in 35 mm Falcon Petri dishes and kept in serum-free medium (neurobasal medium (NBM; Invitrogen, Paisley, UK) supplemented with 2% B27, 2 mM glutamine, 1 mM sodium pyruvate, 2 mM N-acetylcysteine, 1% penicillin-streptomycin.). This medium has been previously shown to be devoid of 5-HT. 24 Time-lapse imaging began 6 h after slice preparation over a 24 h time-interval.
Tissue processing and immunohistochemistry Newborn pups were killed by rapid decapitation at P0.5, brains were extracted and postfixed overnight in cold 4% paraformaldehyde (PFA) (pH 7.4). To quantify the distribution of GFP-positive interneurons 200-mm-thick sections were cut on a Vibratome 1500, serially mounted on glass slides and coverslipped with Immu-mount (Thermo Scientific, Waltham, MA, USA). For serotonin immunohistochemistry, brains were cryoprotected in a 30% sucrose solution after PFA fixation and 12-mm-thick sections were cut on a cryostat; sections were washed three times with 0.1 M phosphate-buffered saline (PBS); incubated overnight at 4 1C with a polyclonal rabbit anti-serotonin antibody (1:5000; Sigma, Buchs, CH, Switzerland) diluted in PBS/0.5% bovine serum albumin/0.3% Triton X-100; washed in PBS; incubated with a anti-rabbit Alexa-568 secondary antibody (Molecular Probes, Invitrogen) for 1 h at room temperature and counterstained in Hoechst 33258 (1:1000) for 10 min.
cDNA synthesis and polymerase chain reaction E18.5 cortices from GAD65-GFP mice and cortices from cortical slices cut at E17.5 and kept in vitro during 24 h were dissected and trypsinized in Hanks' medium for 10 min at 37 1C. After centrifugation at 1400 r.p.m., the pellet was suspended in NBM and filtered using 40 mm pore filters (Falcon, Plymouth, UK). GFP-positive interneurons were sorted using fluorescence-activated cell sorting (FACS) and total RNA was extracted and converted to cDNA. PCR reactions were carried out using a REDtaq Ready-Mix (Sigma). The oligonucleotide primers used for PCR were designed using the Ensembl database and the Primer3 program. They are as follows: forward, 
Image acquisition and analysis
For time-lapse movies, images were acquired in parallel using two microscopes where temperature was maintained at 37 1C and CO 2 at 5%. Digital cameras (Retiga EX) were each connected to a Â 0.6 Lens (Nikon, Zü rich, CH, Switzerland) linked to a fluorescent microscope (Eclipse TE2000; Nikon) equipped with Nikon Plan Â 10/0.30 objectives. Using these two setups, slices could be monitored in parallel and conditions could be compared at the same slice survival time points after various treatment conditions.
Images were acquired using the Open-lab software (version 5.0) every 5 min for 180 min in short timelapse sequences and for 540 min for washout experiments. Time-lapse stacks were generated and analyzed using Metamorph software (version 7.4). At the level of the developing somatosensory cortex, 40 GFPpositive cells migrating throughout the intermediate zone and cortical plate were tracked in each cortical slice. The same cells were tracked in the control condition and treatment condition. The mean velocity over a 90-min recording period was calculated before and after treatment.
To quantify the distribution of interneurons in vivo, images were acquired with a LSM 510 confocal microscope (Zeiss, Feldbach, CH, Switzerland) using a Plan-Neofluar Â 20/0.50 objective (zoom 0.7) at the level of the somatosensory cortex. A single confocal plane was acquired at two levels of the right and left somatosensory cortex (three sections before the hippocampus = S1a and one section at the beginning of the hippocampus = S1b) in GAD65-GFP
, total number of cells counted in S1a = 2756 and S1b = 2308) and GAD65-GFP
Slc6a4
À/À (n = 12, total number of cells counted in S1a = 2584 and S1b = 2367). The distribution of GFPpositive interneurons across 10 bins applied in parallel to the cortical layers was analyzed using a journal created in the Metamorph software.
Statistical analysis (GraphPad Prism software, version 4.0) was carried out using one-way analysis of variance with Tukey's multiple comparison tests in slice experiments and w
-as well as Student's t-test to analyze the distribution of GFP-positive cells in vivo.
Statistical significance was defined at P < 0.05 or P < 0.01.
Results
To monitor the migration of interneurons, we prepared cortical slices from GAD65-GFP transgenic mice, where GFP is specifically expressed in interneurons under the regulation of the GAD65 promoter. 22 Using this model system, a large population of migrating GFP-positive cells could be monitored using live-imaging videometry for more then 24 h after cortical slice preparation at E17.5 ( Figure 1a ;
Supplementary movie 1). We observed that GFP-positive cells displayed the typical mode of interneuron migration characterized by the elongation of a leading process followed by nuclear translocation. As previously described at this developmental time point, 25 the mode of migration was multimodal, with cells capable of switching from tangential to radial migration and vice versa. Monitoring a population of interneurons between E17.5 and E18.5 revealed that interneurons migrated in different directions throughout the intermediate zone and cortical plate (Figure 1b) .
Immunostaining of fixed sections showed that serotonergic fibers originating from the raphe nuclei had reached the developing cortex by E16.5 and innervated the marginal zone and the subplate region by E17.5 (Figures 2a and b) . At E18.5 a dense meshwork of immunoreactive serotonergic fibers were observed in the intermediate zone (Figure 2c ). Thus, between E17.5 and birth, migrating interneurons invading the cortical plate either from the marginal zone or the intermediate zone are in close contact with serotonergic fibers, opening the possibility that extracellular release of serotonin could modulate their migration.
To directly test the hypothesis that an excess of serotonin could affect interneuron migration, we applied serotonin in the bath medium of cortical slices after a 90-min control period of migration. We observed that the migratory speed of interneurons was affected by 5-HT application in a dose-dependent manner ( Figure 3 ; Supplementary movie 2). At higher concentrations of 5-HT (400 mM), migrating interneurons retracted their leading process and the velocity of cells dramatically decreased (Figure 2a ). At lower concentrations (100 mM), the mean migratory speed significantly decreased but interneurons conserved a dynamic leading process (Figure 3b ; Supplementary movie 3).
To determine if the effect of 5-HT on migration was reversible, slices were exposed to 5-HT (400 mM) for 90 min, washed and further monitored for 360 min (Figure 4a ; Supplementary movie 4). After washing out 5-HT, migration gradually resumed. No significant differences in the mean migratory speed compared to control slices were observed at later time intervals, indicating that the effect of 5-HT on migration was reversible (Figure 4c ). In contrast, continuously exposing slices to 5-HT (400 mM) for 450 min dramatically decreased interneuron migration during the whole recording session without inducing any cell death, indicating that the effect of 5-HT on migration was long lasting but not detrimental to cellular viability (Figures 4b and c ; Supplementary movie 5).
As 5-HT affected interneuron migration in embryonic cortical slices, we next investigated whether interneurons expressed 5-HT receptors at this time point in development. After dissociating cortices of E18. (Figure 5a ). Using a pharmacological approach, we found that application of a potent 5-HT6 agonist (EMD 386088) 26 in the bath medium of cortical slices decreased interneuron migration in a dose-dependent manner (Figures 5b and c) . After application of EMD 386088 (200 mM) interneurons dramatically decreased their migratory speed and retracted their processes, mimicking the effects observed with higher concentrations of 5-HT. At lower concentrations of EMD 386088 (50 and 100 mM), migrating cells significantly reduced their mean migratory speed but maintained dynamic neuritic processes, as observed with lower concentrations of 5-HT (Figure 5b ; Supplementary movie 6). The effect of EMD 386088 (100 mM) was abolished after co-application of SB 258585 (100 mM), a potent and selective 5-HT6 receptor antagonist (Figure 5d ), 27 indicating that the effect of EMD 386088 on migration was specific for the 5-HT6 receptor. The migratory effects of 5-HT6 receptor activation appeared to be specific, as application of SR 57227 (200 mM), a selective 5-HT3 agonist, Given that 5-HT6 receptor activation has been shown to increase cyclic adenosine monophosphate (cAMP) levels, we tested the effect of forskolin (30 mM), a stimulator of the adenylyl cyclase 29 and observed a significant decrease in the mean migratory speed of interneurons after forskolin application (Figure 6a) . Furthermore, we observed that forskolin Excess of serotonin affects interneuron migration O Riccio et al application (30 mM) significantly increased the effect of EMD 386088 (100 mM) on interneuron migration (Figure 6a) . Conversely, application of Rp-cAMPS (200 mM), a nonhydrolyzable analogue of cAMP and antagonist of protein kinase A, 29 significantly reduced the effect of EMD 386088 (200 mM) on migration (Figure 6b ). Taken together these results indicate that modulation of the cAMP signaling pathway can amplify or inhibit the migratory effects due to 5-HT6 activation, suggesting that the cAMP signaling pathway is implicated in the migratory effects observed after 5-HT6 receptor activation.
To test the hypothesis that an excess of 5-HT could affect interneuron migration in vivo, we used the Slc6a4 À/À knockout mice. These mice have been shown to have an excess of extracellular 5-HT due the lack of 5-HT reuptake by the SERT protein. 11 We quantified the distribution of GFP-positive cells at birth in order to avoid postnatal changes that could alter the distribution of cells, such as an increase in cortical apoptosis described in Slc6a4 À/À mutants. 30 Using a system of 10 bins applied in parallel to the cortical layers we found that the distribution of GAD65-GFP-positive interneurons was significantly altered in the somatosensory cortex of GAD65- (Figure 7) . In GAD65-GFP þ / þ -Slc6a4 À/À mice the percentage of GFP-positive interneurons was significantly higher in bins 1-2 corresponding to the developing upper cortical layers (Figure 7 ). These results indicate that an excess of 5-HT during development can impair the positioning of cortical interneurons in vivo.
Discussion
Time-lapse imaging of interneurons in embryonic slices revealed that the application of 5-HT decreased Evidence for a role of 5-HT in cell migration has been demonstrated in nonneuronal cells such as eosinophils in the immune system, 31 pulmonary artery cells, 32 aortic endothelial cells 33 and mesenchymal cells derived from the cranial neural crest. 34 Interestingly in the nematode Caenorhabditis elegans, long-distance neuronal migration was shown to be under the regulation of 5-HT. 35 More recently, alterations in interneuron migration during cortical 19 Using live-imaging videometry we provide the first direct evidence that an excess of 5-HT affects interneuron migration. Our findings add to a growing body of data indicating that Excess of serotonin affects interneuron migration O Riccio et al 5-HT homeostasis during embryonic cortical development is critical for the regulation of neurodevelopmental processes. Interestingly, it has been shown that interneuron migration can influence early thalamo-cortical patterning by establishing a permissive corridor that is essential for the guidance of thalamo-cortical axons (TCAs). 36 Conversely several arguments point to the possibility that TCAs could regulate interneuron migration possibly through 5-HT regulation. TCAs have been shown to specifically and transiently express the 5-HT transporter as well as the vesicular monoamine transporter 2 during neurodevelopment. 14, 37 Although still unproven, the transient expression of these proteins in TCAs suggests that they could potentially capture and release 5-HT. As our data strongly suggest that 5-HT modulates interneuron migration, we propose that TCAs could contribute to the regulation of interneuron migration by fine tuning extracellular levels of 5-HT. Clearly, further studies should investigate this possibility.
Slc6a4-mutant mice have been used as a model system to reveal the impact of an excess of 5-HT on neurodevelopment and to give new insights on the potential neurobiological mechanisms underlying the 5-HTTLPR short variant phenotype. 12 Our data indicate that interneuron migration is altered in Slc6a4 knockouts suggesting that these alterations could contribute to the widespread cortical density abnormalities detected in these mice. 16 These results also suggest that increased levels of 5-HT can modify Excess of serotonin affects interneuron migration O Riccio et al a diversity of cellular processes, each occurring at distinct developmental time periods. 38 How each of these neurodevelopmental abnormalities specifically contributes to the behavioral phenotype of Slc6a4 mutants remains an ongoing challenge.
The dynamic and specific pattern of 5-HT receptors expressed during cortical development is beginning to be elucidated, 39 but the cell-specific expression pattern of different 5-HT receptors is still lacking. Using FACS sorting of GFP-positive interneurons, we have shown that GAD65-positive interneurons express mRNA for 5-HT3A and 5-HT6 receptors. Our pharmacological approach using cortical slices revealed that 5-HT6 activation regulated embryonic interneuron migration but not 5-HT3 activation. Furthermore, 5-HT6 blockade significantly prevented the decrease in migration induced by 5-HT, suggesting that the effects of 5-HT on interneuron migration are mediated through the activation of the 5-HT6 receptor. However, it should be noted that 5-HT6 blockade had only a partial effect on the 5-HT-induced decrease in migration, opening the possibility that other unidentified 5-HT receptors could modulate the effects of 5-HT on interneuron migration. The 5-HT6 receptor is expressed during the embryonic period in the rodent brain 40 but this is the first report of a functional role for this receptor during embryonic cortical development. Interestingly, constitutive knockout mice for the 5-HT6 receptor display a reduced behavioral response to the acute effects of ethanol in adulthood, suggesting that impairments of the migration of GABAergic may contribute to the altered response to ethanol. 41 The 5-HT6 receptors are members of the G-proteincoupled receptor family and are positively coupled to adenylate cyclase. 42 We have shown that by modulating the cAMP signaling pathway we could inhibit or potentiate the effects of 5-HT6 receptor activation, suggesting that the effect of 5-HT6 activation on migration occurs via the cAMP signaling pathway. The importance of this pathway in axonal guidance has been studied in vitro 43 and more recently it has been shown that 5-HT-induced changes in cAMP signaling could switch the directionality of embryonic axons toward a gradient of netrin-1. 24 Furthermore, it has been shown that activation of the cAMP pathway acts as a 'brake' on migrating granule cells in cerebellar slices and that ethanol could impair migration through this molecular pathway. 29 Interestingly, recent in vivo data indicate that ethanol exposure in utero could impair cortical interneuron migration. 44 In our slice system relatively high concentrations of 5-HT-induced migratory alterations. In slice studies using a similar culture system, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid agonists applied at the same micromolar concentration range were shown to modulate interneuron migration. 45 The actual concentration of 5-HT that reaches migrating interneurons in our slice preparations is difficult to establish given that the tissue is nourished by passive diffusion of nutrients through a Millipore membrane. Furthermore, the amount of 5-HT reaching interneurons could be modified by surrounding cells possibly capturing 5-HT though the 5-HT transporter. 46, 47 The extracellular concentration of 5-HT present in vivo during embryonic development is currently unknown. However, in adulthood, it has been shown that the concentration of 5-HT in synaptic clefts is in the millimolar range (1-5 mM) 48 and that extrasynaptic concentration of 5-HT can be in micromolar range. 49 In conclusion, our results indicate that neuronal migration represents a cellular process that can be altered by an excess of 5-HT occurring during 
À/À newborn pups at the level of the somatosensory cortex. (b) Graphs showing that at two levels, S1a (b1) and S1b (b2), of the somatosensory cortex the distribution of glutamate decarboxylase isoform 65 kDa-green fluorescent protein (GAD-GFP) cells is significantly different in GAD65-GFP þ / þ -Slc6a4 À/À compared to GAD65-GFP þ / þ -Slc6a4 þ / þ (P < 0.01, w 2 -test, *P < 0.05, **P < 0.01, Student's t-test). Scale bar: 60 mm. embryonic development. On the basis of our data and on the fact that serotonergic fibers immunoreactive for the 5-HT transporter are present as early as gestational week 10 in the subplate and marginal zone of the human developing cortex, 20 it is possible that relative changes in extracellular levels of 5-HT could induce subtle modifications in interneuron migration during human pregnancy. In summary our study sheds new light on the neurodevelopmental alterations caused by an excess of 5-HT during development and opens the possibility that neuronal migration, a process that occurs early in human pregnancy, could be modulated by genetically controlled differences in serotonin transport capacities.
